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During development, the sympathetic innervation of two targets, sweat glands and periosteum, changes the neurotransmit-
ters it expresses from noradrenaline to acetylcholine and vasoactive intestinal peptide (VIP). The target-derived molecules
that induce these changes have not been identi®ed. Neuropoietic cytokines, including ciliary neurotrophic factor (CNTF)
and leukemia inhibitory factor (LIF), induce the same phenotypic changes in sympathetic neurons in vitro as sweat glands
and periosteum do in vivo, raising the possibility that one of these factors mediates induction of cholinergic traits and
VIP by these target tissues. Because CNTF and LIF have overlapping functions and signalling pathways, they could act
interchangeably or in concert to in¯uence neurotransmitter expression. To determine whether CNTF or CNTF and LIF
together are responsible for the induction of cholinergic and peptidergic function in vivo, we analyzed the neurotransmitter
properties of sweat gland innervation in mice lacking CNTF or CNTF and LIF. We ®nd that, as in wild-type mice, gland
innervation in mice lacking one or both molecules appropriately expresses cholinergic properties and VIP immunoreactivity.
Furthermore, footpads of mice lacking one or both genes contain choline acetyltransferase activity comparable to that of
wild-type mice, and CNTF- or CNTF/LIF-de®cient mice possess the normal complement of active sweat glands. We
analyzed the innervation of a second, recently identi®ed cholinergic sympathetic target, the periosteum, which is the
connective tissue surrounding bone. Periosteal innervation of mice lacking CNTF, LIF, or both, like that of wild-type mice,
is immunoreactive for the vesicular acetylcholine transporter, a recently identi®ed cholinergic marker, and VIP. These
results provide evidence that neither CNTF, LIF, nor a combination of the two are required for the developmental change
from noradrenergic to cholinergic function that occurs in sympathetic innervation of sweat glands and periosteum. q 1997
Academic Press
INTRODUCTION 1995). In the leech, Retzius neurons in segments 5 and 6
which innervate reproductive structures not found in other
The trophic effects of target tissues on peripheral neurons segments have distinct axonal and dendritic morphologies,
are well-described, and some of the neurotrophins involved different synaptic inputs and targets, and opposite responses
have been identi®ed (Barde, 1989; Levi-Montalcini, 1987). to acetylcholine than Retzius neurons in other segments;
In several cases, however, molecules produced by target tis- these differences seem to be induced by very early contact
sues in¯uence neuronal properties other than survival. For with the target reproductive structures (French and Kristan,
example, the central connectivity of proprioceptive sensory 1992). In the chick ciliary ganglion, a signal derived from
neurons is believed to be speci®ed by retrograde signals choroid cells, which is likely to be Activin A, induces ex-
from the muscle (Frank and Mendelson, 1990; Frank and pression of the neuropeptide somatostatin in neurons in-
Wenner, 1993; Smith and Frank, 1987; Wenner and Frank, nervating the choroid (Coulombe et al., 1993; Darland et
al., 1995). Similarly, at the synapse formed between sympa-
thetic neurons and rodent sweat glands, retrograde signals1 Present address: Department of Biochemistry and Molecular
not only maintain the innervation (Hill et al., 1988; LandisBiology, Centre College, Danville, KY 40422.
et al., 1985), but also in¯uence the biochemical properties2 Present address: National Institute of Neurological Disorders
and Stroke, National Institutes of Health, Bethesda, MD 20892. of the neurons.
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During development, the neurotransmitters expressed by identify other cytokines and growth factors that induce
ChAT and neuropeptide mRNA in cultured sympatheticthe sympathetic innervation of sweat glands change: neu-
rons that initially synthesize and release noradrenaline later neurons, Fann and Patterson (1994a,b) found that Activin
A increases mRNA encoding ChAT but not VIP, and bonedecrease catecholamine synthesis and instead produce ace-
tylcholine and vasoactive intestinal peptide (VIP) (Guidry morphogenetic proteins 2 and 6 increase VIP mRNA, with-
out affecting ChAT mRNA. No other factors were identi®edand Landis, 1995; Landis and Keefe, 1983; Landis et al.,
1988; Leblanc and Landis, 1986). Evidence that the appear- that regulated expression of either ChAT or VIP although
multiple interleukins, IFN-g, GM-CSF, M-CSF, EPO, TGFa,ance of cholinergic and peptidergic properties is mediated
by interactions with sweat glands comes from analysis of TGFb, EGF, IGF-1, TNF-a, SCF, MIP1a, GROa, PDGF,
aFGF, and bFGF were all tested (Fann and Patterson, 1994).footpads transplanted to hairy skin (Schotzinger and Landis,
1988, 1990; Schotzinger et al., 1994). Sweat glands develop Although retinoic acid also induces ChAT activity in cul-
tured sympathetic neurons (Berrard et al., 1993; Cervini etin these transplants and become innervated by noradrener-
gic axons that would normally innervate piloerectors and al., 1994; Kobayashi et al., 1994), previous data suggest that
at least one component of the sweat gland-derived choliner-blood vessels in hairy skin. The neurons innervating the
ectopic sweat glands, like those innervating sweat glands gic inducing activity is a protein (Rao and Landis, 1990).
Thus, based on their ability to induce both ChAT and VIPin situ, acquire cholinergic properties and VIP immunoreac-
tivity, but decrease catecholamine synthesis and storage and decrease catecholamines in cultured sympathetic neu-
rons, particular members of the neuropoietic cytokine fam-(Schotzinger and Landis, 1988, 1990; Schotzinger et al.,
1994). While these experiments and others with cultured ily remain the best candidates for the sweat gland-derived
cholinergic differentiation activity. Further, transgenic ex-gland cells (Habecker et al., 1995b) con®rm the existence
of a sweat gland-derived cholinergic inducing activity, its pression of LIF with NGF in pancreatic islet cells under the
control of the insulin promoter induces ChAT and decreasesmolecular identity has remained elusive.
We have recently identi®ed the periosteum as a second TH activities in the sympathetic innervation of islets
(Bamber et al., 1994), demonstrating that LIF, and poten-sympathetic target that induces cholinergic properties and
VIP in its innervation (Asmus et al., 1994; Asmus and Lan- tially other neuropoietic cytokines, can act retrogradely to
change sympathetic neuron phenotype in vivo.dis, submitted). Periosteum, the connective tissue layer
covering bone, contains ®broblasts, osteoblasts, and osteo- Consistent with their overlapping effects on neurons,
CNTF and LIF share signalling receptor subunits (Hall andblast precursors and is involved in bone development and
repair. VIP-containing ®bers had been previously described Rao, 1992; Ip et al., 1992; Stahl and Yancopoulos, 1993).
Both activate LIFRb-gp130 heterodimers, initiating signalin adult periosteum (Bjurholm et al., 1988; Hill and Elde,
1991; Hohmann et al., 1986); however, we found that most transduction via JAK kinases associated with the cyto-
plasmic domain of the receptor (Davis et al., 1993; Ip et al.,periosteal innervation, like sweat gland innervation, is nor-
adrenergic early in development, but becomes cholinergic 1992; Lutticken et al., 1994; Stahl et al., 1994; Stahl and
Yancopoulos, 1993; 1994). CNTF binds to a glycosyl-phos-and VIP immunoreactive as development progresses (As-
mus et al., 1994; Asmus and Landis, submitted). Periosteum phatidyl inositol (gpI)-linked alpha receptor component,
which mediates its association with and activation of thetransplantation studies like those performed with sweat
glands indicate that this change in neurotransmitter proper- LIFRb-gp130 complex (Davis et al., 1991, 1993; Ip et al.,
1993; Lutticken et al., 1994; Stahl et al., 1994; Stahl andties is target-directed (Asmus et al., 1994; Asmus and Lan-
dis, submitted). The similar effects of periosteum and sweat Yancopoulos, 1993, 1994). LIF can bind to LIFRb-gp130 het-
erodimers alone, although it has been suggested that anglands on developing sympathetic neurons raise the possi-
bility that identical or related molecules mediate choliner- additional receptor subunit confers high af®nity binding in
some cellular contexts (Patterson, 1992).gic induction by both. By analogy, the same retrograde sig-
nal, nerve growth factor (NGF), is produced by diverse tis- To evaluate the candidacy of CNTF and LIF as cholinergic
differentiation factors in vivo, we have analyzed sweat glandsues to regulate the density of sympathetic innervation they
receive by in¯uencing neuronal survival and axonal arbori- and periosteal innervation in mice with targeted disruptions
of each gene. Analysis of LIF-de®cient mice revealed thatzation (Albers et al., 1994; Barde, 1989; Edwards et al., 1989;
Korsching and Thoenen, 1983; Levi-Montalcini, 1987; Shel- their sweat gland innervation changes neurotransmitter ex-
pression (Rao et al., 1993), while analysis of sweat glandton and Reichardt, 1984).
Molecular candidates for the target-derived cholinergic innervation in mice lacking CNTF has not been described
in detail (Masu et al., 1993). It has recently been demon-and peptide-inducing factor(s) have been identi®ed by their
effects on cultured sympathetic neurons. Neuropoietic cy- strated that CNTF and LIF cooperate to maintain motor
neurons in mature animals and support motor neurons aftertokines, including ciliary neurotropic factor (CNTF) and
leukemia inhibitory factor (LIF) (Bazan, 1991), increase cho- axotomy in a partially redundant manner (Sendtner et al.,
1996). Thus, to evaluate the possibility that CNTF and LIFline acetyltransferase (ChAT) activity and VIP content in
cultured sympathetic neurons, while they decrease tyrosine act interchangeably on sympathetic neurons to direct the
developmental neurotransmitter switch, we analyzed sweathydroxylase (TH) activity and catecholamine content (Erns-
berger et al., 1989; Nawa et al., 1991; Rao et al., 1992c; gland and periosteal innervation in mice with targeted dele-
tions of both genes. We ®nd that disruption of both genesSaadat et al., 1989; Yamamori et al., 1989). In a screen to
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incubated in biotinylated goat anti-rabbit IgG (Vector Laboratories,does not inhibit the developmental exchange of noradrena-
Burlington, CA), in dilution buffer with 5% mouse serum for 1line for acetylcholine and VIP in sympathetic innervation
hr at room temperature, and then in Cy3-conjugated streptavidinof sweat glands and periosteum, suggesting a role for as yet
(1:30,000 in PBS) (Jackson ImmunoResearch Laboratories, Inc.,unidenti®ed retrograde signals.
West Grove, PA) for 30 min, and mounted in PBS±glycerol. Double-
labeling experiments were performed by incubating sections simul-
taneously with anti-VIP and anti-VAChT, which were detected
MATERIALS AND METHODS with ¯uorochrome-conjugated secondary antibodies as described
above. Control sections were incubated without one primary anti-
serum to con®rm the speci®city of the secondary antibodies. Ace-Animals
tylcholinesterase histochemistry was performed as previously de-
Mice with targeted disruption of the genes for CNTF, LIF, or scribed (Karnovsky and Roots, 1964; Landis and Keefe, 1983). To
both have been described elsewhere (Escary et al., 1993; Masu et localize catecholamines, freshly dissected tissue was frozen in Tis-
al., 1993; Sendtner et al., 1996). Founder breeding pairs for CNTF/ sue-Tek and 10-mm sections were cut and processed for glyoxylic
LIF-de®cient mice, generated by crossing the CNTF- and LIF-de®- acid-induced ¯uorescence as described (de La Torre, 1980).
cient strains (Sendtner et al., 1996), were the gift of Dr. Hans
Thoenen. CNTF-de®cient mice were derived from these initial
ChAT Assaypairs and propagated by crossing homozygous null mutants. LIF-
de®cient females are sterile (Stewart et al., 1992); therefore, CNTF/
Footpads were dissected away from surrounding skin and muscleLIF-de®cient mice were obtained by crossing CNTF/LIF-de®cient
into ice-cold buffer, homogenized brie¯y, sonicated for about 40males with CNTF null, LIF heterozygous females. Offspring were
sec, and centrifuged for 10 min to remove debris. Aliquots of foot-genotyped by PCR for LIF and/or the LacZ replacement cassette
pad homogenates were assayed for ChAT activity according to thefrom tail genomic DNA (LIF primers: upper, 5*GGGACAGAG-
method of (Fonnum, 1975) with the incubation extended to 1 hrAAGACCAAGTT-3*; lower, 5-*CCACACTTATGACTTGCT-
to increase sensitivity (Rao and Landis, 1990). [3H]Acetyl-CoA (2.5TGT-3*; PCR product, 300 bp). LacZ PCR was performed as de-
Ci/mmol) was from Amersham (Arlington Heights, IL) or NENscribed (Rao et al., 1993). PCR reagents were from Gibco BRL
(Boston, MA). (Napthylvinyl)pyridine (PVN 500 mM; Calbiochem,(Grand Island, NY). In some cases, the LIF deletion was con®rmed
La Jolla, CA) was used to inhibit speci®c ChAT activity, and bothwith dot blots using the LIF PCR product from wild-type animals
background and nonspeci®c counts were subtracted to obtain spe-as a probe. The probe was labeled with 32P using the DECAprime
ci®c activity.II Random Priming DNA Labeling kit (Ambion, Austin, Texas).
Wild-type litter mates from crosses of animals heterozygous for LIF
or C57/Bl6 mice (Jackson Labs, Bar Harbor, ME) served as controls. Sweating AssayAll experiments were carried out on adult animals, and at least
three animals of each genotype were used in each assay. To assay the sweating response, mice were anesthetized with
Avertin and injected with the muscarinic cholinergic agonist pilo-
carpine (2 mg/kg, intraperitoneally) (Sigma, St. Louis, MO) and a
Immunohistochemistry and Histochemistry denture elasticon mold (Kerr Company, Romulus, MI) was made
of the plantar surface of the hind feet (Kennedy et al., 1984). Sweat
For immunohistochemistry and acetylcholinesterase histochem- droplets from active glands form pores in the hydrophobic elasticon
istry, animals were euthanized by ether inhalation and perfused which were counted in the two interdigital pads of the hind feet
transcardially with 200±300 ml 4% paraformaldehyde (Electron to quantitate the secretory response.
Microscopy Sciences, Fort Washington, PA) in 0.1 M phosphate
buffer. Footpads and sternums were post®xed for 1 hr, rinsed in
phosphate buffer, and equilibrated with 30% sucrose at 47C. Tissue
RESULTSfrozen in Tissue-Tek (Miles Inc., Elkhart, IN) was cryosectioned at
10±12 mm and thaw mounted on gelatin-coated slides. For immu-
The Developmental Changes in Transmitternostaining, sections were air-dried, rinsed in phosphate-buffered
saline (PBS), and blocked for 1 h in dilution buffer (2% BSA, 0.3% Properties of Sweat Gland Innervation Occur in
Triton X-100, 0.1% sodium azide). Sections were incubated with the Absence of CNTF or CNTF and LIF
primary antisera in dilution buffer overnight at the following dilu-
In normal mice, sweat glands are densely innervated bytions: guinea pig anti-VIP, 1:300 (raised in our lab by Drs. Paul
sympathetic axons. Unlike sympathetic axons in most tar-Henion and Mahendra Rao (Tyrrell and Landis, 1994)) and rabbit
anti VAChT, 1:4000 (gift of Dr. Ali Roghani (Edwards et al., 1995)). get tissues and sweat gland innervation of young mice,
After several rinses in PBS, slides were incubated for 2 hr with sweat gland innervation in adult wild-type mice does not
the following ¯uorochrome-conjugated, species-speci®c secondary have detectable catecholamine stores (Fig. 1a), although it
antibodies: goat anti-guinea pig RITC (Jackson ImmunoResearch is immunoreactive for the catecholamine synthetic en-
Laboratories, Inc., West Grove, PA); goat anti-rabbit FITC (Cappel, zyme, TH (Rao et al., 1994). Instead, the gland innervation
Durham, NC), or goat anti-rabbit Oregon Green (Molecular Probes, expresses markers associated with a cholinergic phenotype:
Eugene, OR), each diluted 1:200 in dilution buffer with 5% mouse
it is immunoreactive for vesicular acetylcholine transporterserum. Sections were rinsed with PBS and coverslipped in PBS±
(VAChT) (Fig. 1d) and the neuropeptide VIP (Fig. 2a; Raoglycerol or PBS±glycerol with 2% n-propyl gallate to reduce FITC
et al., 1994) and reactive for acetylcholinesterase (Fig 2d).photobleaching. For detection of vesicular acetylcholine trans-
VAChT transports acetylcholine synthesized in synapticporter (VAChT) in periosteum, sections were incubated in the pri-
mary antiserum for 3 or 4 days at 47C. Subsequently, sections were terminal axoplasm to the lumen of synaptic vesicles. It is
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FIG. 1. Sweat gland innervation does not contain catecholamine ¯uorescence (a±c) but is immunoreactive for VAChT (d±f) in mice
lacking CNTF (b, e) or CNTF and LIF (c, f), as in wild-type mice (a, d). All micrographs are 2001.
a reliable marker for cholinergic terminals because trans- axons innervating sweat glands were immunoreactive for
VAChT and VIP (Figs. 1e, 1f, 2b and 2c). Acetylcholinester-port of acetylcholine into vesicles is required for its storage
and regulated release and because the VAChT gene is en- ase reactivity was also present in mice lacking CNTF or
CNTF and LIF (Figs. 2e and 2f). In double-labeled sections,coded within the gene for ChAT, and their expression is
coregulated (Berrard et al., 1995; Gilmor et al., 1996; Mis- VIP and VAChT were colocalized in sweat gland innerva-
tion of both CNTF and CNTF/LIF null mutant mice (Figs.awa et al., 1995). As expected, VIP and VAChT are colocal-
ized in most axons innervating sweat glands (Figs. 3a and 3c and 3d, and data not shown). Thus, the sweat gland in-
nervation in adult mice lacking CNTF or CNTF and LIF3b).
To determine whether the appropriate neurotransmitter does not contain detectable catecholamine histo¯uores-
cence, but expresses the cholinergic traits and VIP immuno-phenotype was acquired in the absence of CNTF or CNTF
and LIF, we examined expression of catecholamines, cholin- reactivity characteristic of mature innervation in wild-type
mice.ergic markers, and VIP in footpad sweat gland innervation.
Both CNTF-de®cient and CNTF/LIF-de®cient mice have To con®rm cholinergic function in sweat gland innerva-
tion, we assayed ChAT activity in homogenates of sweatdensely innervated glands, with sympathetic ®bers in-
vesting the secretory coils as in control animals. Catechol- gland-containing footpads. ChAT is the synthetic enzyme
for acetylcholine and is enriched in cholinergic terminals.amine histo¯uorescence was detected in association with
large blood vessels in the footpads (data not shown), but not Homogenates of footpads from mice lacking CNTF or
CNTF and LIF had at least as much ChAT activity as thosein sweat glands of CNTF- or CNTF/LIF-de®cient mice (Figs.
1b and 1c). In both CNTF- and CNTF/LIF-de®cient mice, from wild-type controls (Fig. 4). A broad range of ChAT
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FIG. 2. Sweat gland innervation is immunoreactive for VIP (a±c) and reactive for acetylcholinesterase (d±f) in wild-type mice (a, d) and
those lacking CNTF (b, e) or CNTF and LIF (c, f). Micrographs are 2001.
activity was observed in footpads from double mutant mice or when the noradrenergic to cholinergic change is delayed
by early postnatal 6-hydroxydopamine (6-OHDA) treatmentso that, in some experiments, extracts from double mutants
had signi®cantly more ChAT activity than those from wild- (Grant et al., 1995; Stevens and Landis, 1988). Mice lacking
CNTF or both CNTF and LIF show robust sweat secretiontype mice while in others the levels were similar.
Sweat secretion in response to treatment with cholinergic in response to the cholinergic agonist pilocarpine, with sim-
ilar numbers of active glands as wild-type mice (Fig. 5).agonists represents a physiological assay of the noradrener-
gic to cholinergic switch in sweat gland innervation. Be- Pores, representing active glands, were distributed over the
entire surface of the footpads in CNTF- and CNTF/LIF-cause production of cholinergic differentiation activity by
sweat glands requires noradrenergic innervation (Habecker de®cient mice, as in wild-type mice (Figs. 5a and 5c). These
results provide evidence that neither gene is required forand Landis, 1994), and the subsequent cholinergic innerva-
tion of sweat glands is crucial for both the development the functional development of sweat glands and imply nei-
ther is required for the induction of cholinergic propertiesand maintenance of secretory function (Grant et al., 1995;
Stevens and Landis, 1987, 1988), sweat secretion elicited by in gland innervation.
treatment with muscarinic cholinergic agonists in adults
likely re¯ects both the initial noradrenergic, and subse-
Periosteal Innervation Is Cholinergic and Expressesquent cholinergic, transmission by the sympathetic in-
VIP in the Absence of CNTF, LIF, or Bothnervation. Thus, if the phenotypic switch does not occur
the number of active glands should be decreased, similar to To determine whether CNTF and/or LIF are responsible
for the neurotransmitter phenotype induced by anotherwhat is seen in rats when cholinergic transmission is
blocked during development using a muscarinic antagonist cholinergic sympathetic target, the periosteum, sections
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lines of evidence indicate that the retrograde signaling re-
sponsible for altering the phenotype of sweat gland innerva-
tion is intact in the absence of CNTF or CNTF and LIF. First,
sweat gland innervation expresses cholinergic properties and
VIP, but does not contain catecholamines in mice lacking
genes for CNTF or both CNTF and LIF. Second, footpad ex-
tracts from these mice contain normal levels of ChAT activ-
ity. Third, secretory function, acquisition of which depends
on cholinergic transmission (Grant et al., 1995; Stevens and
Landis, 1987, 1988), is normal in CNTF-de®cient and CNTF/
LIF-de®cient mice. We also analyzed periosteal innervation,
which, like sweat gland innervation, normally exchanges
noradrenaline for acetylcholine and VIP during development.
We ®nd that periosteal innervation expresses cholinergic
traits and VIP immunoreactivity in mice lacking CNTF, LIF,
or both. Thus, although CNTF and LIF induce cholinergic
and peptidergic properties while decreasing catecholamines
in cultured sympathetic neurons (reviewed in Rao and Lan-
dis, 1993), another molecule, or other molecules, made by
sweat glands and periosteum, appears to direct similar
changes during development in vivo. Because we have only
FIG. 3. VAChT (a, c) and VIP (b, d) immunoreactivities are colo- analyzed adult animals, we cannot exclude the possibility
calized in axons innervating sweat glands in both wild-type (a, b)
and CNTF/LIF-de®cient mice (c, d). Slides were immunostained
simultaneously with rabbit anti-VAChT, detected with Oregon
Green, and guinea pig anti-VIP, detected with RITC. The micro-
graphs are of the same ®eld viewed with ¯uorescein (a, c) or rhoda-
mine (b, d) ®lters and are 4901.
through the sternums of wild-type mice and those lacking
LIF, CNTF, or both CNTF and LIF were immunostained for
VAChT and VIP. Single ®bers immunoreactive for VAChT
and VIP course through the periosteal layer in normal adult
mice (Figs. 6a and 6i). The VIP-immunoreactive ®bers were
also immunoreactive for TH in double-labeling experiments
(data not shown), con®rming their sympathetic origin. In
mice lacking LIF, CNTF, or CNTF and LIF, nerve ®bers
innervating periosteum were immunoreactive for VAChT
and VIP (Figs. 6b±6d and 6j±6l) and double-labeling revealed
colocalization of VIP and VAChT in individual ®bers (data
not shown). Fibers in the periosteum of wild-type mice and
those lacking CNTF, LIF, or both were also reactive for
acetylcholinesterase (Figs. 6e±6h). Thus, neither CNTF,
LIF, nor a combination of the two mediate cholinergic dif-
ferentiation by periosteum because periosteal innervation
acquires characteristic cholinergic properties and VIP ex-
pression in mice lacking either or both.
FIG. 4. ChAT activity is present in footpads of wild-type miceDISCUSSION
and mice lacking CNTF or CNTF and LIF. ChAT activity is ex-
pressed as CPM/footpad { standard error of the mean. ChAT activ-
Our results indicate that CNTF and LIF are not required, ity represents speci®c activity as background and non-PVN inhibit-
either individually or in combination, for the target-directed able counts are subtracted out. Data are the average of footpads
change in neurotransmitter expression from noradrenaline to from at least three animals per genotype. The difference between
acetylcholine and VIP that occurs in developing sympathetic the activity in wild-type and CNTF/LIF double knockouts is sig-
ni®cant (P  0.05).neurons innervating sweat glands and periosteum. Three
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FIG. 5. Sweat secretion in mice lacking CNTF (b) or CNTF and LIF (c) is indistinguishable from that of wild-type mice. Secretory
responsiveness was quanti®ed by counting pores in the two interdigital pads of the back feet in denture elasticon molds of the footpads.
Representative molds are shown in the photomicrographs. Each pore, represented by a black dot, is formed by a sweat droplet from an
active gland in mice stimulated with the muscarinic cholergic agonist pilocarpine. The graph in (d) is the average of counts from at least
three animals. Error bars show the standard error of the mean.
that the timing of the change in neurotransmitter properties opmental neurotransmitter switch. In immunocytochemi-
cal analyses, however, CNTF was only detected in Schwannis altered in the absence of CNTF and LIF. This seems un-
likely, however, because delaying the change in neurotrans- cells surrounding sensory axons in the footpad (Rao et al.,
1992a; Rohrer, 1992), and although LIF mRNA is expressedmitter properties with neonatal 6-OHDA treatment results
in decreased VIP expression and retention of catecholamines at higher levels in footpads than hairy skin (Yamamori,
1991), sweat gland-less footpads from Tabby mutant micein adult rats (Stevens and Landis, 1988), neither of which
were observed in mice lacking CNTF and LIF. Our results have similar levels of LIF mRNA as wild-type mice, making
it unlikely that the sweat glands are the main source (Raoalso indicate that although CNTF and LIF are functionally
redundant trophic factors for motor neurons (Sendtner et al., et al., 1993). Nevertheless, CNTF and LIF exert their biolog-
ical effects at very low concentrations so the possibility1996), they do not cooperate to alter sympathetic neurotrans-
mitter phenotype in either sweat glands or periosteum. existed that the cytokines were expressed at levels suf®-
cient to mediate cholinergic induction by sweat glands, butThe ®ndings reported here extend and clarify previous
biochemical characterizations of cholinergic inducing activ- too low to be detected in sweat gland cells by in situ hybrid-
ization or immunohistochemistry. Our present studies pro-ities in footpad extracts which indicate that multiple factors
with cholinergic inducing activity, at least one of which is vide evidence that this is not the case. Additionally, in con-
trast to the biochemical results which raised the possibilitydistinct from CNTF and LIF, are present in footpad extracts
(Rao et al., 1992a; Rohrer, 1992). CNTF and LIF mRNAs that the multiple factors present in footpads, including
CNTF and LIF, contribute to cholinergic differentiation ofare detected in footpads by RT-PCR (Rao et al., 1993; Yama-
mori, 1991; B. Habecker, unpublished observations), consis- sweat gland innervation, our present ®ndings are more con-
sistent with an independent role for the sweat gland-derivedtent with their possible involvement in directing the devel-
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FIG. 6. Cholinergic properties and VIP are expressed in periosteal innervation. Sympathetic axons in the periosteum of wild-type (a, e,
i), LIF 0/0 (b, f, j), CNTF 0/0 (c, g, k), and CNTF0/0, LIF 0/0 (d, h, l) mice are immunoreactive for VAChT (a±d) and VIP (i±l) and
reactive for acetylcholinesterase (e±h). Arrows (e±h) point to reactive ®bers. Micrographs are 3501.
cholinergic differentiation activity in altering sympathetic date factors tested are not available, and it has not been
demonstrated in all cases that heterologous factors can ef-neuron phenotype, with no requirement for contributions
from CNTF and LIF. We can not exclude the possibility, fectively activate rodent receptors. Although the precise
composition and stoichiometry of the high-af®nity recep-however, that compensatory upregulation of the sweat
gland-derived cholinergic differentiation factor obscures tors for the neuropoietic cytokines including CNTF, LIF,
oncostatin M (OSM), cardiotrophin-1 (CT-1), interleukin-6contributions normally made by either CNTF, LIF, or both.
The changes induced in sympathetic neurons by perios- (IL-6), and interleukin-11 (IL-11) are not clear in all cases,
the cytokines can activate two types of signaling receptorteum are very similar to those induced by sweat glands,
suggesting that the underlying molecular mechanisms in- complexes, either a gp130 homodimer or a heterodimer of
gp130 and LIFRb (Kishimoto et al., 1994; Stahl and Yanco-volved in transmitter conversion are the same. We have
previously suggested that the cholinergic differentiation ac- poulos, 1993; Taga, 1996; Taniguchi, 1995). LIF and CNTF,
which signal through gp130/LIFRb heterodimers (Davis ettivity derived from sweat glands and periosteum belongs to
the neuropoietic cytokine family because, as summarized al., 1993; Gearing et al., 1992, 1994; Ip et al., 1992, 1993;
Kishimoto et al., 1994; Stahl and Yancopoulos, 1993, 1994),in the introduction, these are the only factors which have
been shown to induce the appropriate combination of prop- induce cholinergic properties in cultured sympathetic neu-
rons (Ernsberger et al., 1989; Saadat et al., 1989; Yamamorierties in cultured sympathetic neurons (Asmus and Landis,
submitted; Fann and Patterson, 1994a,b; Rao et al., 1993; et al., 1989), while IL-6 and IL-11, which signal through
gp130 homodimers (Murakami et al., 1993; Taga, 1989,Rao and Landis, 1993). One potential dif®culty with the
assays used to demonstrate whether various factors induce 1996; Yin et al., 1993), do not (Fann and Patterson, 1994b,
but see Oh and O'Malley, 1994), suggesting that cholinergicChAT and VIP is that rodent homologues of all the candi-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8464 / 6x18$$$261 01-16-97 01:26:30 dbal
84 Francis, Asmus, and Landis
induction in sympathetic neurons requires LIFRb. Activa- those for disruption of the CNTFRa or LIFRb genes. Both
receptor components, but neither CNTF nor LIF, are essen-tion of gp130 in response to either IL-6 or IL-11 has not
been demonstrated in sympathetic neurons, which may not tial for neural development (DeChiara et al., 1995; Escary
et al., 1993; Li et al., 1995; Masu et al., 1993; Ware et al.,express alpha receptor components necessary for high-af-
®nity binding (Taga, 1996), so that it remains possible that 1995). Mice lacking CNTFRa or LIFRb have a signi®cant
loss of motor neurons in the spinal cord and various brain-a cytokine that ef®ciently activates gp130 homodimers in
sympathetic neurons could mediate cholinergic induction. stem nuclei (DeChiara et al., 1995; Li et al., 1995) and do
not survive past the ®rst postnatal day. In addition, GFAPAntisera that disrupt the function of LIFRb inhibit choliner-
gic induction in sympathetic neurons by coculture with immunoreactivity was decreased in the CNS of mice lack-
ing LIFRb, suggesting that the number of astrocytes is re-sweat gland cells, suggesting that the sweat gland-derived
factor acts through this receptor (B. Habecker, in prepara- duced (Ware et al., 1995). Mice lacking the gp130 receptor
component have recently been generated, but the animalstion). Thus, our data are consistent with the notion that
the sweat gland-derived factor is a novel neuropoietic cyto- die between E12.5 and birth and their nervous systems have
not been described (Yoshida et al., 1996). In contrast, micekine that signals through LIFRb. Validation of this hypothe-
sis awaits identi®cation of the molecule. The prediction lacking CNTF, LIF, or both do not have developmental
de®cits, although both ligands are involved in motor neuronthat the major cholinergic inducing activity present in
sweat glands is a neuropoietic cytokine does not exclude maintenance (Sendtner et al., 1996). Mice lacking the gene
for CNTF lose motor neurons as they age, resulting in de-the possibility that other non-neuropoietic cytokine factors
contribute to the regulation of one or more of the several creased grip strength (Masu et al., 1993; Sendtner et al.,
1996). Similar effects were observed in mice lacking bothneurotransmitter properties that are altered.
In addition to CNTF and LIF, two neuropoietic cytokines, CNTF and LIF; however, they were earlier in onset and
more severe (Sendtner et al., 1996).CT-1 and OSM, can activate LIFRb-gp130 heterodimers
(Gearing and Bruce, 1992; Gearing et al., 1992; Liu et al., The possibility that it is a neuropoietic cytokine produced
by periosteum that alters the neurotransmitter properties1992; Pennica et al., 1995), but evidence suggests that nei-
ther is the sweat gland-derived cholinergic inducing activ- of the sympathetic innervation is interesting because osteo-
blasts have receptors for and are responsive to LIF (Allan etity. Treatment of cultured sympathetic neurons with CT-
1 increases ChAT activity and VIP content in the neurons, al., 1990). Several effects of LIF on bone growth and metabo-
lism have been described (Lowe et al., 1991; Malaval et al.,while decreasing TH activity (Habecker et al., 1995a; Pen-
nica et al., 1995). However, a function-perturbing antiserum 1995; Reid et al., 1990; Van Beek et al., 1993), including
an increase in bone turnover and osteoclast numbers afterraised against CT-1 does not inhibit ChAT induction by
coculture of sympathetic neurons with sweat gland cells, treatment of adult mice calvaria with LIF in vivo. Osteo-
genic defects have not, however, been described in micesuggesting that CT-1 is not the principal sweat gland-de-
rived cholinergic inducing activity (Habecker et al., 1995a). lacking LIF. In contrast, mice lacking LIFRb have a more
than threefold reduction in fetal bone volume and an in-Recombinant human OSM induces VIP in a human neuro-
blastoma cell line, and high concentrations elicit a small crease in osteoclast number (Ware et al., 1995), suggesting
that another ligand for the LIFRb has a critical function inincrease in ChAT activity and mRNA and VIP mRNA and
peptide in cultured rat sympathetic neurons (Fann and Pat- bone development and maintenance and consistent with
the production of an unidenti®ed neuropoietic cytokine byterson, 1994b; Rao et al., 1992b). The recent cloning of mu-
rine OSM reveals that the mouse and human proteins share periosteum. Thus, this putative novel neuropoietic cyto-
kine could function as both an autocrine or paracrine signalonly 48% amino acid identity (Yoshimura et al., 1996); thus,
recombinant murine OSM, which is not yet available, may within the periosteum and a retrograde signal for the sympa-
thetic innervation.induce ChAT more effectively in rodent neurons. Our pre-
liminary RT-PCR analysis indicates that while OSM tran- The results from gene disruptions taken together with
studies of cholinergic differentiation factors suggest the ex-scripts can be detected in sweat gland-containing footpads,
they are also present in sweat gland-less footpads from istence of novel ligands for both CNTFRa and LIFRb. CNTF
is the only known ligand for the CNTFRa; therefore, theTabby mutant mice (Gruneberg, 1971), similar to LIF tran-
scripts (Rao et al., 1993). Thus, while it appears that the discrepancy between the receptor and ligand gene disrup-
tions implies the existence of another ligand or ligand-inde-sweat gland-derived cholinergic inducing factor signals
through the LIFRb receptor component, and therefore may pendent effects. The sweat gland-derived cholinergic differ-
entiation factor likely does not act through CNTFRa be-utilize a LIFRb-gp130 heterodimeric receptor, it is not
CNTF, LIF, or CT-1, and is unlikely to be OSM, but rather cause a high-af®nity antagonist of CNTF, composed of the
CNTFRa fused to the extracellular domain of gp130, doesit appears to be a novel member of the neuropoietic cytokine
family. not inhibit ChAT induction in sweat gland-sympathetic
neuron cocultures (B. Habecker, in preparation). Thus, cho-Independent evidence for the existence of additional, un-
identi®ed members of the neuropoietic cytokine family linergic differentiation induced by sweat glands seems to
require LIFRb, but not CNTFRa, implying that there is alsocomes from comparison of the effects of disruption of the
genes for CNTF, LIF, or both (DeChiara et al., 1995; Escary an unidenti®ed ligand for LIFRb. Although it is not clear
to what extent the effects of disruption of the LIFRb onet al., 1993; Masu et al., 1993; Stewart et al., 1992) with
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dimerizing signal transducers of the tripartite CNTF receptor.neural development are due to combined loss of signalling
Science 260, 1805±1808.by CNTF, LIF, OSM, and CT-1, it seems likely that a novel
Davis, S., Aldrich, T. H., Valenzuela, D. M., Wong, V., Furth, M. E.,LIFRb ligand that mediates cholinergic differentiation in
Squinto, S., and Yancopoulos, G. D. (1991). The receptor for cili-developing sympathetic neurons has additional functions
ary neurotrophic factor. Science 253, 59±63.in neural development.
de La Torre, J. C. (1980). An improved approach to histo¯uores-
cence using the SPG method for tissue monoamines. J. Neurosci.
Methods 3, 1±5.
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